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Ion motion in a magnetically insulated diode was studied locally

and simultaneously with the observation of the local electron flux to

the anode. Sudden, brief ion deflections accompanied by intense elec-

tron bursts to the anode, were observed, evidently resulting fron trans-

verse electric fields in the diode gap. Slowly rising deflections of

two classes were also found. The data suggest that they were caused by

electric fields resulting from a changing shape of the anode plasma sur-

face due to a local increase in the plasma expansion velocity for one

class and due to plasma depletion for the other. The shapes of the

perturbations in the potential surfaces for both classes were deduced.

The relation of each perturbation to the change in the electron flux to

the anode may be explained qualitatively by considerinq the motion of a

single particle. The size of the potential perturbations was shown to

be a few centimeters and the magnitude of the transverse electric fields

was inferred to be up to 0.3 of the diode accelerating field.
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I. Introduction

Intense ion beams generated by pulsed magnetically insulated diodes

are potentially useful for Inertial Confinement Fusion,1 and for plasma

confinement, stabilization, and heating for magnetic confinement

fusion. 2 An important requirement for such applications is a suffi-

ciently small divergence of the ion beam.2-3 The ion beam divergence is

believed to be determined by temporal and spatial changes of either the

electric or the magnetic fields due to various factors. These factors

include anode plasma nonuniformities, 4-6 electron-sheath instability, 7

nonuniformities near the cathode extraction region, and self-space-

charge fields outside the diode. The relative contribution of each

factor has not been investigated as yet.

Ion beam divergence has been measured in several studies 8, 6 by

extracting ion beamlets through tiny apertures, and observing the spots

they produce on a target. However, such measurements are generally

ambiguous since at each instant of time ions from different regions of

the diode may pass through the apertures. Also, it was difficult to

study the effect of each of the possible sources of the ion bea diver-

gence from such measurements. The mechanisms responsible for electron

convection to the anode in a magnetically insulated diode are also not

understood as yet. This convection not only directly affects the elec-

tron residence time, and thus the ion generation efficiency, 9- I0 but

also may cause spatial and temporal variation in the ion beam.

In this study, a portion of the extracted ion beam was allowed to

pass through a relatively large aperture, 14 rn in diameter, and to hit

a scintillator sheet. This enabled us to observe most of the ions
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emitted from a selected area of the anode throughout the diode pulse.

Thus, we could obtain the characteristics of the changes in the ion

direction of motion, such as time scale, magnitude, the direction of the

changes, as well as the relationship of such changes to variations in

the ion current density. In addition, we monitored the relative elec-

tron flux to the anode to the same anode area which was viewed by the

ion detector, as described elsewhere.11 The relation between changes in

the ion direction of motion and in the electron flux to the anode

implied that the ion deflections occurred inside the diode. The

measurements were also used to infer the size of the region of the diode

involved in the perturbation, and to deduce that the observed ion

deflections could not result from magnetic fields, but rather had to be

due to electric fields. A detailed analysis of the characteristics of

the observed ion deflections, which will be described specifically for

each class of the findings, allowed the elimination of ambiguities in

previous measurements of the ion beam divergence. 6 The results allowed

to deduce the presence of perturbations in the equipotential surfaces in

the diode gap. In one of the three data classes described in this paper

the bursts of electrons to the anode appeared to be the cause of the

perturbation and in the other two classes it is highly likely that the

equipotential surfaces followed a local perturbation in the shape of the

anode plasma. Other suqqestions which could in principle explain the

findings were also considered but were found to be inconsistent with the

data, as will be discussed for each of the data classes.
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We performed our experirents using the LONyGSHOyr diode. 12 To summa-

rize the results, we observed sudden ion deflections, which lasted 10-30

ns, and slow ion deflections which grew over 100 ns or More. 13 The

short deflections will be described in Sec. III. It was concluded that

they result from transverse electric fields associated with local elec-

tron bursts to the anode. Since the electron bursts occurred with and

without anode plasma it was deduced that these transverse fields

resulted from processes in the cathode plasma or in the electron

sheath. The data implied that the local perturbations in the potential

surfaces were "valley-shaped", i.e., the surfaces are closer to the

anode in the perturbation center. The size of the perturbation along

the azimuthal direction was found to be 10-30 m.

The slow ion deflections included two major classes. The defec-

tions of the first class, described in Sec. IV A and B, started with an

increase in the ion current density. They were evidently caused by a

"hill-shaped" potential perturbation and were not accompanied by a

change in the electron flux to the anode. It is suggested that these

perturbations resulted from a local increase in the anode-plasma expan-

sion rate. The slow deflections of the second class occurred together

with an increase in the electron flux to the anode (Sec. IV C and D) and

appeared to be associated with a valley-shaped potential perturbation.

This could result from a local plasma depletion. The relation of both

slow deflections to the increase in the electron flux to the anode is

discussed in Sec. V. An explanation to this relation, based on consid-

erations of a single particle motion, is offered. The increase of the

electron flux was found to occur within 1-2 cm of the potential
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perturbations of class B, as will be described in Sec. VI. The magni-

tude of the transverse electric fields, averaged across the diode gap,

was found to be 0.1-0.25 of the diode applied field. Additional results

which support the suggested role of the anode-plasma shape in deter-

mining the ion direction of mtion are presented in Sec. VII, and

concluding remarks are given in Sec. VIII.

II. Measurements

The LONGSHOT12 magnetically insulated diode used for the present

study has an annular accelerating gap and a radial insulating magnetic

field B, as shown in Fig. 1(a). The anode is made of lucite, drilled

with 1 m diameter holes 5 mm apart. The insulating magnetic field was

>3 kG 1 which is more than twice the critical field for magnetic

insulation. 15-16 The pulse last about 700 ns with typical voltage and

current waveforms shown in Fig. l(b).

A diagram of the method by which the ion beam divergence measure-

ments were made is shown in Figs. !(a) and 2(a). A portion of the ion

beam was selected by a circular aperture, 1.2-1.4 cm in diameter, placed

4.6 an from the anode and centered on the middle of the anode annulus.

Then, this portion of the ion beam passed through a 1 m wide and 40 mm

long slot located 2.4 cm from the aperture, with its long dimension

parallel to the azimuthal direction of the anode. After traveling an

additional distance of -3 cm the ions impinged on a pilot B scintillator

sheet which was photographed by a fast streak camera. Thus, ion deflec-

tions in the azimuthal direction could be observed. The writing speed

of the steak camera was calibrated with 100 niz light pulses of a mode

locked laser. The starting time of the camera sweep with respect to its
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trigger was determined by photographing a train of light pulses in which

the light of each tenth pulse was deflected by an optical cell into a

photodiode. The position on the film of the scintillator region hit by

the ions at t = 0 was determined by two static photographs. One was

made on a separate piece of film, giving the scintilldtor location and

the camera magnification. In the other, an edge of the scintillator was

photographed to give a reference spot on the same piece of film as in

the dynamic photograph. An example of a streak photograph is shown in

Fig. 2(b). The time of ion flight to the scintillator was calculated

using the instantaneous diode voltage. (The ions could be assumed to be

protons since >80% of them were previously determined to be protons, 1 3

and also since the pilot B scintillator is a few times more sensitive to

protons than to carbon ions. 6) Our estimates and also the experimental

observations yield an error smaller than ±15 ns in the time determina-

tion along the streak. Most of this uncertainty was contributed by the

divergence of the ions in the radial direction (which coincided with

time direction on the film).

By changing the aperture-scintillator geometry the light from the

scintillator increased with an increase in the ion current density on

the scintillator. It was inferred that the scintillator response was

close to linear under the conditions used for the present experiments.

Observation of small ion beamlets obtained using tiny holes yields

relatively accurate changes in the ion direction of motion. Therefore,

we performed such experiments in order to reexamine the occurrence of

the large changes in the ion direction of motion observed by the

measurements described above. Ion beamlets, selected by 1-3 mm diameter
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apertures, hit the scintillator screen. These measurements showed slow

and fast changes of up to 190 in the ion direction of motion, in agree-

ment with the changes inferred from our large-aperture measurements to

be presented here. In these measurements the azimuthal shift of the

ions, due to their traversing a nonzero net radial magnetic flux, was

also observed. This shift, a few millimeters at -l0 cm distance from

the anode, was taken into account in determining the anode area from

which the ions which passed through the large aperture were emitted.

A local relative measurement of the electron flux to the anode was

made by monitoring the bremsstrahlung emission from the anode using a

collimated scintillator-photomultiplier x-ray detector, as shown in

Fig. l(a). The small sensitivity of the recorded bremsstrahlung signal

to the incidence angles of the electrons was discussed in Ref. 11. The

signal depends on the time-dependent diode-voltage but this dependence

did not affect the conclusions to be drawn here, as will be shown.

Generally, we used two x-ray detectors which looked near the anode area

viewed by the ion beam system. The areas viewed by the detectors were

radially centered on the anode annulus. Their sizes and the degree of

their overlap were varied in the experiments.

III. Short Ion Deflections

A. Results and Implications

The streak photographs revealed increases in the ion beam diver-

gence, which lasted for 10-20 ns, in roughly one-third of the shots. An

example of such an ion deflection, called here a *short deflection", is

shown in Fig. 3(a). A short increase in the streak width in both the

direction of the electron drift in the diode [called here "the +0



-8-

direction" - see Fig. 2] and opposite to it (-8 direction) is observed.

The electron flux signal obtained in the same shot is given in Fig.

3(b). The size of the anode area viewed by the bremsstrahlung detector

was 42 tni in the azimuthal and 12 mm in the radial directions. Two

short electron bursts are observed, the first of which coincides (within

the time-determination accuracy of ±15 ns) with the short ion deflec-

tion. In our shot series we observed 37 short ion deflections, more

than 80% of which were found to coincide with short electron bursts to

the anode. About one-third of the electron bursts were found to be

simultaneous with short ion deflections.

The short ion deflections were found to occur in a region close to

that of the electron bursts to within 1-2 cm, as will be discussed in

Sec. III.B. The strong temporal and spatial correlation between the

short ion deflections and the electron bursts to the anode indicate that

the ion deflections originate in the diode. This conclusion is

supported by additional results (see below in Sec. III.B) which showed

that short ion deflections in only one of the azimuthal directions could

also occur. Such deflections cannot result from self-field expansion of

the ion beam outside the diode because such an expansion would widen the

ion beam in both directions.

In principle, an increase in the width of the ion beam image on the

streak photograph could result from an expansion of the anode region

from which ions were emitted, without an increase in the angle of the

ion trajectory with respect to the normal to the anode (this angle will

be denoted here by a). However, tracing of ion trajectories showed that

the observed width increase could not occur without a substantial

increase in the angle a as will now be described. Following the conclu-
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sion that the change in the streak width was caused by effects in the

diode, we could use ray tracing from the scintillator to the anode, as

shown in Fig. 4 for the photograph in Fig. 3(a). The lines N and M

indicate the scintillator region hit by ions during and before the short

deflection, respectively. The maximum possible angle a, before the

widening was determined by assLninq that the ions reaching M originated

at a single point on the anode. Since the value of al is determined by

the position chosen for this point on the anode, we chose the position E

which gave the largest value for a,, i.e., the angle which M makes with

the normal to the anode -80 (the dashed lines M- and ITE indicate the

illumination of the region (M by ions from E). The minimum angle a2

during the deflection was determined by assuming ion emission over the

entire anode. This angle is determined by the line M giving 15 ° with

respect to the normal. Thus, we concluded that the trajectories of ions

which passed through the aperture during the short deflection were

deflected by at least 150 - 8' = 7'.

It could still be argued that the increase in a of the ions passing

through the aperture does not necessarily imply an increase in the angle

a of the ions emitted from the anode. For such an argument one assumes

that a is large even before the deflection but the observed a at this

stage is small because it is limited by the aperture geometry. Thus, an

apparent increase in a can result from the motion of a small ion-

emitting source over the anode because such a notion geometrically

allows ions with different angles to pass through the aperture at dif-

ferent times. This possibility is precluded here since, for instance
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for the photograph in Fig. 3(a), the streak width CD prior to the short

width increase was not limited by the ion aperture. Thus, the maximum

of the angle a prior to the streak width increase, i.e. a,, was not

geometrically limited by the aperture (see line ME in Fig. 4), i.e., it

was indeed small. Also, if ions were deflected by a large angle a not

only durinq the short increases in the streak widths, one would expect

that we would have observed in many cases large angles (as large as the

ones associated with the short deflections) prior to or after the short

streak width increases. However, the ion deflections were almost always

much larger during that brief period. In summary, we conclude that

during the short streak width increases the angles a of the trajectories

of ions which passed through the aperture substantially increased, and

that this increase did not appear due to temporal or spatial changes in

the ion emission site at the anode, but rather it was was caused by an

increase in the ion transverse velocities.

The observed ion deflections with respect to the diode axis varied

in different pulses between a few degrees and 200. These changes in the

ion direction of motion could not result from changes in the local mag-

netic field in the diode gap which accompany the electron bursts. The

amplitude of these changes were estimated1 1 to be about 200 G. Such a

change in the magnetic field in the diode gap can alter the direction of

a proton accelkrated there by about 0.50. This leads to the conclusion

that trans'erse electric fields are formed in the diode gap in the

vicinity of the electron bursts. The fact that ions are deflected in

both azimuthal directions means that transverse electric fields in both

directions are produced. The average magnitude of the transverse fields
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across the gap must be as hiqh as about 1/3 of the diode accelerating

field in order to account for the largest observed ion deflections.

B. Shape and Size of the Potential Perturbation

Tracing of the ion trajectories was used to determine the location

of the transverse electric fields, as also shown in Fig. 4. Ions

reaching the scintillator points A and B could he emitted from any point

on the anode within the region -I an6jR, respectively. This is indi-

cated by the solid lines Tl- and Tk and the dotted lines IS and M13,

respectively. A reasonable shape of the equipotential surfaces in the

diode gap during the short ion deflection, which allows for such ion

deflections, is that depicted by the solid line X of Fig. 4. The trans-

verse electric fields due to such a perturbation in the equipotentials,

called here a valley-shaped perturbation, deflect ions from the region

HI in the +0 direction and ions from the region JK in the -0 direction.

Such a perturbation in the equipotential surfaces is probably due to a

local increase in the electron density in the gap, which reduces the

potential near the cathode. Such an increase in the electron density

would also tend to increase the gap ion-density. This is consistent

with the observed sharp peaks in the ion current density simultaneously

with the electron bursts. 
11

Local changes in the electric fields in the diode can, in principle

originate with changes in the anode or the cathode plasmas, or with

changes in the electron sheath structure. However, the electron bursts

also occurred in the absence of anode plasma and Ions in the diode gap,

suggestinq that the electron bursts were initiated by processes in the

cathode plasma. 11 Since the short-duration ion deflections were
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observed to coincide with the electron bursts we conclude that the

inferred transverse fields accompany the formation of these bursts,

i.e., their causes are not associated with anode-plasma behavior.

However, the presence of ions in the diode gap may affect the magnitude

of these transverse fields.

Experiments were carried out to study the localization of the

transverse electric fields. Let us assume that the center of the

perturbation in the potential occurs a few millimeters from the center 0

of the viewed anode area, say at the point O, which is located in the

-0 direction with respect to the point 0 [see Fig. 5(a)]. Then, if this

perturbation stretches over a distance comparable to the ion-aperture

diameter, ions originating to the left of O1 (solid line) will be

deflected in the -9 direction and will miss the ion aperture while Lhose

originating to the right of 01 (dashed line) will be deflected in the +0

direction and may still pass through the aperture. In this case a short

ion deflection only in the +0 direction will be observed. Thus, in

order to study the size of the potential perturbation, we performed

experiments in which the deviation of the perturbation center from the

point 0 could be indicated. Such an indication might be given by the

deviation of the corresponding electron burst from this point. In order

to determine the electron burst location, two electron flux detectors,

(X I and X2 ) were used, each viewing a circular anode area (MR and N,

respectively) 15 mm in diameter centered 10 mm on opposite sides of the

point 0, see Fig. 5(a). Thus, an electron burst seen by one detector

which did not occur very close to 0 will not appear on the other. In

this 21-shot series we observed 11 short ion deflections occurring only
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in one direction. Ten of them coincided with electron bursts observed

on only one detector. When the burst occurred in the -e side of the

point 0 (observed only by X2 ) it corresponded to an ion deflection in

the +0 direction and vice versa, as expected if the perturbation size is

comparable to the ion-aperture diameter. An example of such a short

deflection is presented in Fig. 5(b), where ions are deflected only in

the +0 direction. (Other details of this photograph will be discussed

later.) From this class of data we were able to conclude that the width

of the perturbations in the potential surfaces in the azimuthal

direction varied between 10 to 30 n.

IV. Slow Ion Deflections

In addition to the short duration deflections, slowly growing ion

deflections were also observed. These deflections could be divided into

two distinctly different classes which are discussed in this section.

A. Class A Deflections

We will describe the features of the first group by referring to

the streak photograph shown in Fig. 6(a). There it can be seen that a

sudden (-10 ns) increase in the light intensity, which means a sudden

increase in the ion current density Ji, is observed. No change in the

ion direction of motion appears with this increase. However, at this

instant, a deflection of ions (in this case in the +0 direction) starts

growing, and continues to grow for about 250 ns. Generally, the ion

deflections grew for more than 100 ns and in more than half of the cases

the streak was broad up to the end of the streak.

The observed ion deflection shown in Fiq. 6(a) could not result

from self-space-charge fields outside the diode which could accompany an
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increase in ion current density. This is because in this case the ion

deflection would occur simultaneously with that increase. Also space-

charge fields would deflect the ions in both azimuthal directions,

rather than in the one direction seen in Fig. 6(a). We note that the

possibility of an ion source moving over the anode, and thus causing an

apparent ion deflection, is also precluded here due to similar arguments

used in Sec. III for the short ion deflections. Thus, we conclude that

a change in the ion direction of motion indeed occurred and that this

change originated at the diode. In the example in Fig. 6(a), the

deflection of the streak implies that the final change in the ion direc-

tion of motion is <120 (estimating the minimum possible change in angle,

as described in Sec. III.A, gives 50).

The size of the anode area over which the sudden increase in Ji

occurred was obtained from experiments where ion beamlets, passing

through several small adjacent apertures, were observed. It was found

to vary between about 5 and 30 mm in the azimuthal direction.

B. The Explanation for the Class A Deflections and its Experimental

Support

We suggest the following explantion to the deflections of class A.

The ion current density is locally limited by the rate of ion-supply

from the anode plasma (the electric field on the anode plasma is >0).

Therefore, if this rate increases locally, onsiderable increase in i

is observed. Such an increase, although locally modifies the electric

potential in the diode gap, does not result in sufficiently ]arge trans-

verse electric fields to cause a detectable ion deflection, as will now

be estimated. For this estimate we used the potential profile in the
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diode gap, given by a one-dimensional equilibrium16 in a magnetically

insulated diode, for a space-charge-limited ion emission from the

anode. By the same treatment we obtained the potential distribution for

zero ion emission. The difference between these two profiles gives an

upper estimate for the potential variation caused by fluctuations in

Ji. We assumed that these two distributions prevail in two regions

separated by 1 cm. The lines joining the equipotentials gave transverse

electric fields which could deflect the ion trajectory only by about

-20, which is hardly noticeable in our measurements. This shows that an

increase in the rate of the ion-supply from the anode plasma is not

likely to cause a large ion deflection directly, as was observed in the

experiment.

Since the rate of the ion supply from the plasma is determined by

both the plasma temperature and density, a local increase in this rate

implies a local increase in these quantities. It is reasonable to

assume that this results in an increase in the local plasma expansion

velocity. Consequently, the plasma gradually protrudes into the diode

gap. The equipotential surfaces would follow the shape of the anode

plasma surface, thus will be distorted to form a hill-shaped perturba-

tion, as depicted in Fig. 6(b). The gradual growth of this perturbation

explains the gradual increase in the ion transverse velocities.

The explanation given above is supported by the following experi-

mental findings. We will first discuss a support to the assumption that

the increase in Ji is not caused by instabilities of the electron

sheath (which could lead to an enhancement of the electric field on the

anode plasma and thus to a stronger ion emission), but rather it is due
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to a local change in the anode plasma. In many shots the increase in

Ji occurred over an anode region as small as a few millimeters which

is smaller than the diameter of the ion aperture. In these cases it was

seen that the region of increased Ji remained fixed to within a few

millimeters for more than 100 ns, as shown in the example in Fig. 7.

Such a situation is much more likely to happen if the increase in Ji

results from an increase in the ion supply rate in a specific region of

the anode plasma, rather than from a variation (not induced by changes

in the boundary plasma) in the electron sheath structure, since the

latter is expected to change on the electron motion time scale (of the

order of a nanosecond).

The rise time of the ion deflection is large as compared to the

electron motion time scale, while it is consistent with the time-scale

of plasma-expansion here assumed. The anode plasma is known to have a

temperature near 1 eV and about a 2 cm/us expansion velocity. 17 A local

increase of a few tens of percent in this velocity gives a period of

-100 ns for the anode plasma to protrude locally about 1 nm, or about

10% of the diode gap, into the diode gap.

The observed ion deflections of this class were found to support

the formation of a hill-shaped potential perturbation as that drawn in

Fig. 6(b). With such a perturbation one expects the following: If the

perturbation center occurs at the center 0 of the anode area viewed by

the ion detector, ions emitted from the two sides of the point 0, thus

being deflected in opposite azimuthal directions, will still pass

through the aperture [see lines a and b in Fig. 6(b)]. Hence, the

streak width will increase in both directions. However, such a widening
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will be small due to the following reason. If the size of the perturba-

tion is comparable to the aperture size (14 rmm) or less, the transverse

electric fields a few millimeters from the perturbation center will be

relatively small. Thus, the deflection angle of ions emitted from the

vicinity of the point 0, say from the points A and B which are located

at 3 mm from 0, will be relatively small (lines a and b). Ions with a

larger deflection, emitted from a region farther from the point 0, say

from the point C which is located at 5 mm from 0, will not be observed

since they will not pass through the aperture [see line c in Fig.

6(b)]. From the measurement geometry it can be easily seen that when

the perturbation is centered with respect to the aperture, only ion

deflections of a few degrees can be observed. Consider now the case in

which the perturbation center occurs at a point 01 which is located a

few millimeters from 0 (in the +0 direction, for instance), as shown in

Fig. 6(c). Then ions passing near the edge D of the ion aperture [line

a in Fig. 6(c)] will have a small deflection since they originate near

the perturbation center. However, ions with large deflections (not

originating close to the perturbation center) can pass through the aper-

ture edge E [line b in Fig. 6(c)]. Therefore, the deflection of the

streak will be as small as the previous case [the case in Fig. 6(b)] on

its left side (side of the aperture edge D), but will be larger on the

right side (side of E). In continuation to this, when the perturbation

center occurs even farther from the aperture center than the case in

Fig. 6(c), ions passing through both edges of the aperture will appear

to be deflected, and in the same direction. Thus, in this case, the

entire streak will be deflected in one direction and the observed ion
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deflection angle will be larger than in the two previous cases. Indeed,

this analysis was confirmed by 14 cases out of the 18 observed deflec-

tions of this class. Examples of these three cases are given in Figs.

8(a)-8(c). Figure 8(a) shows a streak which widens in both directions.

The corresponding change in the ion direction of motion is about 30,

corresponding to the diagram in Fig. 6(b). In Fig. 8(b), the left side

of the streak photo-graph shows a change of 50 (in the -0 direction) in

the ion direction of motion, while the right side indicates a deflection

of 110, in the same direction [corresponding to Fig. 6(c)]. In Fig.

8(c), the entire streak photograph bends in one direction and the ion

deflection is 150.

C. Class B Deflections

The characteristics of the slow class B deflections can be seen in

the example shown in Fig. 9(a). Prior to the start of the slow deflec-

tion a relatively low ion current density is observed. The ion deflec-

tion grows in both azimuthal directions (unlike the class A deflec-

tions). During this growth, the light intensity in the middle part of

the streak is low with respect to that in the sides, as seen in Fig.

9(a). This indicates a relatively low ion-current density in the

central part of the observed anode area. The ion deflections grew, on

the average, faster than those of class A. For the same final change in

ion direction of motion the deflections grew in a few tens to 100 ns

while those of group A grew in 100-200 ns. We observed 29 deflections

of class B out of a series of 120 shots. We note that the characteris-

tics of this class, shown in Fig. 9(a), were observed somewhat differ-

ently in different cases. However, in 75% of the observed cases the
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central part of the streak showed low ion current density during the

deflection. A decrease in the ion current density a few tens of ns or

more prior to the start of the ion deflection was observed in about half

of the cases. The considerable broadening of the streak in both direc-

tions was also observed in about half of the cases. Another example of

a slow class B deflection can be seen in the streak photograph presented

in Fig. 5(b), where the deflection starts about 60 ns before the short

deflection marked by the arrow. There, a decrease in Ji just prior or

coincident with the start of the ion deflection, an ion deflection only

in the +6 direction, and a low ion current density in the central part

of the streak during the deflection period, are observed.

Such a broadening of the streak could not result from an expansion

of the ion beam under its own space-charge fields outside the diode

since such an expansion would not have produced an ion current density

in the central part of the beam lower than that at the beam edges.

Thus, it is concluded that the ion deflections originated in the diode.

(This conclusion will be further supported by the correlation with the

electron flux to the anode discussed in the next section.) Also, it

will be further shown that the slow deflections of both classes were

either not accompanied by changes in the electron flux to the anode or

accompanied by changes with amplitudes smaller than the intense short

electron bursts. Thus, similarly to the short duration ion deflections,

the slow deflections of both class A and B must not have resulted from

local changes in the magnetic field in the diode.
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D. The Explanation of Class B Deflections and Its Support

This class of ion deflections can be reasonably explained by

assuming that a local decrease in the ion supply rate from the plasma

causes the observed local decrease in the ion current density. This

shortage of ions would also cause a depletion of that portion of the

anode plasma which would consequently retreat towards the anode elec-

trode, causing a dip in the plasma surface. This leads to a valley-

shaped perturbation in the potential surfaces, as depicted in Fig.

9(b). The resulting transverse electric fields deflect the ions in both

azimuthal directions as shown by the solid lines of Fig. 9(b). Notice

that the valley-shaped perturbation allows the observation of large ion

deflections in both directions simultaneously, in contrast to the hill-

shaped perturbation previously discussed [see Fiq. 6(b)]. Also, in the

case of the valley-shaped perturbations, ions deflected in both direc-

tions will simultaneously pass through the aperture even if the pertur-

bation center is a few millimeters away from the center 0 of the anode

area viewed by the ion detector as indicated by the dashed lines in

Fig. 9(b) [in contrast to the hill-shaped perturbation shown in Fig.

6(c)]. The potential surfaces will remain disturbed as long as the

plasma cannot replenish itself, consistent with the low ion current

density observed throughout the deflection. The fact that a deflection

in only one direction was sometimes observed could be due to a perturba-

tion which was not symmetric azimuthally or to the possibility that ions

deflected in the other direction missed the ion aperture. The rise time

of the deflections is determined by the formation time of the dip in the

anode plasma which, evidently, may be different from the time needed for
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the plasma to protrude into the diode (which we concluded to occur in

class A deflections), as was observed. The perturbation is very

unlikely to he caused by processes in the electron sheath because the

time scale of both the decrease in the ion current density and of the

ion deflection is much longer than the electron motion time scale.

Also, if the valley-shaped perturbation were caused by a local accumula-

tion of negative charge it should have led to an increase in Ji rather

than to a decrease.

Using ray orbits for the ions through the ion aperture, the size of

the perturbation along the azimuthal direction was found to be 2-4

centimeters. This result is consistent with many shots in which two

identical ion apertures, separated by 5 cm in the azimuthal direction,

were simultaneously used. In these shots, no correlation between

deflections observed through the two apertures was found.

Finally, most of the observed slow ion deflections could be cate-

gorized into these two classes (A and B) of ion deflections. In about

one-third of the streak photographs no large ion deflections were

observed [the streaks looked similar to that of Fig. 2(b)]. These cases

indicated a "quiescent" ion divergence of a few degrees.

A systematic difference between the number or the magnitude of ion

deflections in each of the +0 or the -0 directions could imply that the

relative magnitude of the transverse electric fields in these two direc-

tions is affected by the electron E x B flow. Statistically, no such

difference was found, indicating that the transverse fields, averaged

over many shots, are syninetric with respect to the plus and minus 0

directions.
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V. Relationship Between the Electron Flux to the Anode and the Slow

Ion Deflections

Since the slow perturbations in the potential surfaces are believed

to originate with changes in the shape of the anode plasma, and since

the slow variations in the electron flux to the anode occur mostly in

the presence of the anode plasma, 1 we examined the relations between

these two phenomena.

Ion deflections of class A, either in the +0 or in the -e direc-

tions, were not accompanied by increases in the local electron flux to

the anode. This result was obtained in -80% of the cases and is shown,

for example, in Fig. 10, where the bremsstrahlung signal corresponding

to the ion streak photograph of Fig. 8(c) is given. The bremsstrahlung

signal decays during the portion of the pulse in which the ion deflec-

tions are growing significantly [up to 150 in the case shown in Fig.

8(c)]. While a considerable fraction of the bremsstrahlung signal decay

was estimated to be due to the decrease of the diode voltage, we could

clearly deduce that no increase in the electron flux occurred.

Ion deflections of class B were generally accompanied by an

increase in the electron flux to the anode in cases where deflections in

the +0 direction, or deflections in both the +0 and the -0 directions,

were observed. The x-ray signal increased in >75% of such cases, while

only 20% of the cases, in which only deflections in the -0 direction

were observed, were accompanied by an increase in the x-ray signal.

Figure 11 shows two examples of an increase in the x-ray signal with a

+0 ion deflection of class B. In the streak shown in Fig. 11(a), a



-23-

short ion deflection (indicated by the solid arrow) occurs after which

the streak width increases, mostly in the +0 direction. Later there

appears a distinct spot at the left side of the photograph (dashed

arrow) which indicates an additional ion deflection in the +8 direc-

tion. The corresponding rise in the electron flux is shown in Fig.

11(b). A short peak in the x-ray signal (solid arrow) coincides with

the short ion deflection. The x-ray signal then gradually rises until

it rises sharply at the dashed arrow. This rise coincides with the

start of the spot on the left side of the streak photograph (this spot

is of the type of short deflections, although it seem to be of a rela-

tively long duration--25 ns). In the streak shown in Fig. 11(c), a +0

deflection starts at the time indicated by the arrow. The rise in the

x-signal [see Fig. 11(d)] starts at the same time (high short x peaks

are then imposed on the long x-signal). The increase in the electron

flux associated with the +0 deflections of class B almost always lasted

over the entire deflection duration. We note, though, that it was

difficult to quantify the relation between the time variation of the

x-ray signal and of the ion deflection.

We try to understand these electron flux results by considering the

motion of a single particle under the effect of a hill-shaped and a

valley-shaped perturbation. An electron moving parallel to the anode

towards a hill-shaped perturbation in the potential surfaces first

encounters accelerating transverse electric forces Ft [see Fig. 6(b)],

i.e., transverse fields which increase the electron velocity in the

direction of the E x B electron drift. The electron acceleration due to

such fields results in an increase in the magnetic force, thus
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perturbing the balance between the nignetic and the electric forces

acting on the drifting electron. An increased magnetic force causes an

electron deflection towards the cathode. The gain in velocity towards

the cathode prevents the electron from moving towards the anode even

when the electron passes through the perturbation center and reaches

decelerating transverse electric fields which tend to deflect it back

towards the anode. On the other hand, an electron which approaches a

valley-shaped perturbation of the potential, will first be subjected to

decelerating transverse electric forces [see Fig. 9(b)], leading to a

reduction of the magnetic force and thus to an electron deflection

towards the anode. This explains the rise of the electron flux to the

anode, when class B ion deflections in the +0 direction (which means

deflections caused by transverse fields in the +0 direction, i.e.,

fields which decelerate the electrons) are observed. When the

decelerating fields of the valley-shaped perturbation, at the region

viewed by the ion detector, are small (in this case the observed ion +0

deflections are small) electrons are less likely to reach the anode.

They mainly encounter the accelerating transverse fields of the

valley-shaped perturbation. This explains the absence of increase of

the electron flux when class B deflections only in the -0 are observed.

VI. Localization of the Class B Potential Perturbation and the Electron

Flux to the An(xe

Electrons which gain velocity towards the anode, due to transverse

electric fields, will not necessarily hit the anode at the location of

the field perturbation because of their E x B drift parallel to the

anode. Thus, having established the relationship between the direction
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of the transverse electric fields and the electron convection to the

anode, we examined the localizatiot, of the increased electron flux and

its average distance from the class B potential perturbations. Most of

the increased electron convection to the anode in our experiments occur

close to the decelerating transverse fields, since only 25% of the

observed +0 deflections were not found to be accompanied by increases in

the electron flux measured by a detector which looked in the vicinity of

the anode area viewed by the ion detector. In order to further check

this conclusion, additional experiments were carried out where two x-ray

collimators, X1 and X2, were aimed at the anode, each one viewing a 15

rn-diameter region of the anode on azimuthally opposite sides of the

region viewed by the ion detector [see Fig. 5(a)]. Ions deflected in

the +0 direction, which pass through the aperture, should originate from

the anode region right to the point 0, as shown by tracing ion orbits

[see Fig. 9(b)]. This means that in this region electron-decelerating

transverse electric fields occur. If the associated increase in the

electron flux occurs over an area which is close to this area, then this

increase should be observed by the X2 collimator which looks to the

right of the point 0.

In this 21-shot series nine cases of class B deflections in the +8

direction were observed. In five cases an increase in the electron flux

was observed only by the collimator X2 , in one case by both X1 and X2,

in two cases only by X1, and in one case no increase was detected.

Also, in both cases where the signal increase was detected only by X1 ,

the increase was relatively small, lower than the average increase of

the cases of only X2.
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These results further support the conclusion that the increase in

the electron flux occurs within 1 or 2 centimeters of the region of the

decelerating transverse electric fields. It seems that the increase is

relatively small when it occurs farther from the field perturbation

(observed only by XI). This could be due to the fact that electrons

hit the anode over a larger area.

Since the observed slow changes in the ion direction of motion were

between a few to 150, the transverse electric field averaged over the

diode gap is inferred to be 0.1-0.25 of the diode axial field. Such

fields can be expected to perturb the electron trajectories signifi-

cantly. The portion of the anode hit by the electrons will be deter-

mined at least in part by the electron distance from the anode. The

electrons in the LONGSHOT diode are believed to he E x B drifting

roughly within 2 mm of the anode1 0 (7c- indicated by the ion current

density being about 30 times the value predicted from space-charge

limit, using the 1 an physical K-A gap). Therefore it seems reasonable

that with such considerable transverse electric fields the electron flux

increased within 1-2 cm of the perturbations transverse fields.

From these and from other experiments we deduced that about one-

half of the slow increases in the electron flux, observed by a detector

which looked to the right of the point 0, were associated with slow

class B ion deflections in the +0 direction. On the other hand, only

25% of the increases observed by a detector which looked to the left of

the point 0 were accompanied by such deflections. This can be under-

stood as in the following. Suppose that the center of a valley-shaped

perturbation occurs at a point to the right of 0, so that the
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decelerating transverse electric fields cause the electron flux to

increase at 0-2 cm to the right of 0, which will be detected by an x-ray

detector looking to the right of 0. These decelerating transverse

fields will deflect ions originating at the right side of 0 in the +0

direction. Such ions are likely to pass through the aperture since they

originate at the right and are deflected to the left (see the solid line

in Fig. 9(b)]. Thus, the experimental geometry is likely to allow the

observation of +0 ion deflections when the slow increases in the elec-

tron flux occur right of 0. Whrn the perturbation center occurs to the

left of 0 the electron flux may increase left of 0, thus being detected

by the detector looking there. However, since the ions deflected to the

left (in the +0 direction) originate left of 0, they may be directed to

the left of the aperture, thus not passing through it (this can be seen

schematically in Fig. 9(b) where ions deflected in the +0 direction are

almost blocked by the left aperture edge, as depicted by the dashed

line). Therefore, +8 ion deflections are less likely to be observed

when increases in the electron flux occur left of 0. It is noteworthy,

that these limitations imposed on the observation of ion deflection by

the experimental geometry, suggest that the correlation between the slow

increases in the electron flux and the +8 class B ion deflections is

possibly stronger than the observed 50% reported here.

VII. Additional Results Supporting the Assumption on the Anode-Plasma

Role

In a few shots the diode voltage collapsed for several tens of

nanoseconds and then recovered as shown in Fig. 12(a). As expected, the

ion current density considerably decreased during the voltage collapse
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This is shown in the correspondinq streak photograph presented in Fig.

12(b), where a dark region is observed during the period of the voltage

collapse. On this shot, ions from another portion of the diode (at a

distance of 5 cm away in the azimuthal direction) were also viewed using

the same aperture geometry. This showed a similarly large reduction in

ion current density. It is highly likely that such a decrease in the

ion density in the gap was accompanied by a decrease in the electron

population in the gap since otherwise the electric field resulting from

the imbalance of the charge will exceed considerably the applied field.

(Indeed the electron bremsstrahlung signal sharply decreased but this

decrease was evidently affected also by the decrease of the electron

energy due to the reduction in the diode voltage and not only by the

reduction in the electron flux.)

Several characteristics of the streak in Fig. 12(b) are note-

worthy. The width of the streak at the start of the dark reqion is

determined by the ion beam transverse velocity spread in the azimuthal

direction. Also, the dark region does not start along a straight line,

perpendicular to the streaking time direction, because the ion beam

divergence in the radial direction varies along the azimuthal direc-

tion. Thus, the shape of the streak at the start of its dark region is

determined by the ion deflections in both the azimuthal and the radial

directions. The same holds true for the end of the dark region as well,

when the ion current density rises again. Notice that the streak has

the same shape in both the azimuthal and the radial directions at the

start and at the end of the dark region. This indicates that the same

ion beam deflections before and after the voltage collapse were obtained



-29-

for both directions. Such a collapse of the diode voltage occurred in

three shots and this result was obtained in each of the three cases.

Obviously, the charge distribution in the diode gap must have been

significantly disrupted during such a considerable voltage collapse

which lasted about 100 ns. However, it is reasonable to believe that

the surface of the plasma in the diode could roughly retain its shape

during the voltage collapse. This would lead to the production of

transverse electric fields at the diodevoltage recovery similar to those

just before the voltage collapse. Thus, it seems very likely that the

ion direction of motion (and hence the shape of the potential surfaces

in the diode gap) are determined, to a large extent, by the shape of the

anode plasma. Clearly, this conclusion is in agreement with the role of

the plasma shape deduced from our the previous results.

VIII. Summary and Discussion

Local changes in the direction of motion of ions produced in a

magnetically insulated diode were investiqated simultaneously with the

local changes in the electron flux to the anode. Short-duration ion

deflections which coincided with short intense electron bursts to the

anode were observed. The experimental findings supported the conclu-

sions that these changes in direction occurred in the diode gap, that

they resulted from transverse electric fields (not magnetic fields), and

that the associated perturbation in the equipotential surfaces were

valley-shaped (the surfaces are closer to the anode at the perturbation

center). The perturbation size was inferred to be 10-30 mm in the azi-

muthal direction (E x B drift direction). Since the electron bursts

were found to occur in the absence of an anode plasma it is deduced that
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the presence of ancde plasm and ions in the gap is not responsible for

the formation of the short-duration transverse electric fields. This

potential perturbation could be caused by a local increase in the gap

electron density which is also consistent with the simultaneity between

the electron bursts and sharp peaks in the ion current density previ-

ously reported.

A second type of observation consisted of slow ion deflections most

of which could be categorized into two main classes. The deflections of

both classes were also shown to occur in the diode gap and to result

from electric fields. The results also implied that the perturbations

in the fields were caused by slow changes in the shae of the anode

plasma surface, rather than due to changes in the electron sheath

structure.

In the first class the ion deflections started with a sharp

increase in the ion current density. The data indicate that this

increase is caused by a local increase in the rate of ion-supply from

the anode plasma. The ion beam is source limited rather than space-

charge limited. The increase of the rate of ion supply implies local

increase in the anode-plasma temperature or density. The transverse

electric fields causing the ion deflections are produced by a hill-

shaped potential perturbation. It is suggested that such a perturbation

results from a local increase in the plasma expansion rate, perhaps due

to the excess local heating of the plasma.

The mechanism which leads to a nearly instantaneous increase in the

plasma density or temperature is not clear. The experimental findings

show that this mechanism is certainly not caused by an increase in the

electron flux to the anode. A plausible explanation is that the heating
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is associated with the return current in the plasma. The average return

current density in the plasma (assuming all the diode current flows

through it) is about 300 A/cm2 . Assuming a plasma of 1 eV temperature

and 1016 cm- 3 density gives a spitzer resistivity of 4 x 10- 2 Q cm.

Temporal changes in the anode-plasma resistivity may cause local concen-

trations of the return current. Such current concentrations may lead to

excess heating or additional ionization. For instance, an increase in

the return current density by factor 2 for 10 ns may cause an increase

in the temperature of a 1 nm-thick plasma (of such a density and resis-

tivity) of the order of 1 eV, i.e., of 100%. Besides the increase in

the rate of the ion supply this may cause an increase of a few tens of

percent in the plasma expansion velocity. Since the average expansion

velocity of the plasma is about 2 cm/us, 17 it is possible that this

results in a local protrusion of about 1 mr (0.1 of the physical gap) in

a period of about 100 ns.

The slow ion deflections of the second class were found to result

from valley-shaped potential perturbations. The observed decrease in

the ion current density supported an explanation that this perturbation

was caused by a local depletion of the anode plasma. Slow increases in

the electron flux were found to accompany only the slow ion deflections

of the second class, i.e., only the valley-shaped potential perturba-

tion. It was also inferred that at least half of these slow increases

were associated with such slow ion deflections. It is concluded that

these increases are due to the effect of these potential perturbations

on the electron flow. Since these perturbations are believed to be

caused by the anode-plasma shape, this is in agreement with a previous
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finding that the slow increases in the electron flux are considerably

reduced in the absence of the anode-plasma. 1 Based on an analysis of a

single-particle motion we provided an explanation for the fact that only

the valley-shaped perturbations (specifically, valley-shaped perturba-

tions which cause large +0 ion deflections) cause the electron flux to

the anode to increase. The explanation points out that the E x B

drifting electron which approaches a hill-shaped perturbation first

faces accelerating transverse electric forces which leads to an electron

motion towards the cathode. By contrast, an electron moving towards a

valley-shaped perturbation first encounters decelerating transverse

forces, which causes its motion towards the anode. However, a further

analysis of the collective electron flow under the influence of both

potential perturbations is certainly needed.

We note that the use of a hotter or a denser plasma source at the

anode may prevent plasma depletion, thereby eliminating the slow ion

deflections of class B and reducing the slow increases in the electron

flux to the anode. However, since the mechanism which causes the local

increase in the plasma expansion rate is not understood as yet, the use

of such a plasma source may not necessarily eliminate the formation of

the hill-shaped perturbation and the slow ion deflections of class A.
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Figure Captions

Fig. 1 a) Schematic diaqram of the LONGSHOT diode and the measurement

system. The anode annulus is with 17.8 an i.d. and 22 cm o.d. The hol-

low cathode is a ring 22 an in diameter. The insulating magnetic field

is produced by two coils. Ions passed through a circular aperture, and

then through a slot before hittinq a scintillator sheet photographed by

a fast streak camera. X-ray collimators, with scintillators and PM-

tubes, viewed portions of the anode, looking through the lucite flange

almost perpendicular to the anode.

b) Typical voltage and current waveforms.

Fig. 2 Schematic diagram of the technique used to measure the local ion

beam divergence. The horizontal direction on the diagram is the

azimuthal direction. The circular aperture and the slot are radially

centered with respect to the anode annulus. The direction of the E x B

flow is denoted by the arrow e. The diameter of the circular aperture

varied from 1.2 to 1.4 cm. The slot was 1 m wide and 40 m long in the

radial and the azimuthal direction, respectively. Anode-aperture,

aperture-slot, and slot-scintillator distances were 4.6 cm, 2.4 cm, and

3 an, respectively. Deflection of ions in the direction indicated by +0

means an increase of their transverse velocities in the E x B drift

direction.

b) An example of a streak photograph. The light spot at the

botom is a static photograph made before the shot. The ion-aperture

diameter was 12 mm.

Fig. 3 A streak photogrpah and an x-ray detector oscillograph from a

typical shot with a short duration ion deflection. a) The short (about
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10 ns) ion deflection in both the +8 and the -0 directions is indicated

by the solid arrow. The wide spot in the streak appears to be at an

angle with respect to the streak direction because the ion transverse

velocities in the radial direction vary along the azimuthal direction.

t = 0 marks the start of the voltage pulse. The ion aperture was 14 rm.

b) The corresponding bremsstrahlung signal measured by a detec-

tor viewing an anode area 10 mn in the radial by 40 mm in the azimuthal

direction . It was centered with respect to the anode area viewed by

the ion detector. The dashed arrow and the dashed horizontal line at

the left indicate the start of the fiducial mark and the baseline,

respectively. The first of the two observed electron bursts (indicated

by a solid arrow) coincides with the short ion deflection.

Fig. 4 A diagram -I ion trajectories which corresponds to Fig. 3(a).

The point 0 is the center of the anode area viewed by the ion detector

through the aperture FG. 7R and M indicate the scintillator region hit

by the ions during and prior to the short duration, wide portion of the

streak, respectively. For evaluating ai (see text) it is assumed that

LM is illuminated by ions from the point E (see dashed lines T-7, ET).

Ions reaching the points A and B could originate at any point along the

anode sections 1T1 and MI, respectively (as indicated by the solid lines

Aff, AT, and the dotted lines rT, K, respectively). The solid line £

depicts the local shape of potential surfaces which would allow such

ion trajectories.
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Fig. 5 a) Ion deflections when the center of the potential perturbation

Z occurs at O1, located a few millimeters in the -0 direction from the

point 0. Ions deflected in the -0 direction (solid line) are not likely

to pass through the aperture in contrast to ions deflected in the +8

direction (dashed line). UT and W are two circular anode regions, 15

nn in diameter, each of them viewed by a different x-ray detector, X1

and X2 , respectively.

b) A short ion deflection (see arrow) only in the +0 direction.

It coincided with an electron burst observed only by the detector X2

viewing the area NT. The increase in light intensity at the end of the

streak is mstly instrumental, thus will be always ignored.

Fig. 6 a) A streak photograph showing a sharp increase in the ion cur-

rent density (indicated by the arrow), at which time an ion deflection

(of class A) in the +8 direction starts growing. It continues to grow

until the end of the streak. The ion aperture diameter was 14 rnm.

b) A diagram of a hill-shaped perturbation in the potential sur-

faces I and the resulting ion deflections. The perturbation center

occurs at the center 0 of the area viewed by the ion detector. The

arrows labeled e and Ft indicate the E x B drift direction and the

direction of the transverse electric force on an electron approaching

the perturbation, respectively (see Sec. V).

c) The perturbation center occurs at 01, a few millimeters (in

the +0 direction) from the point 0.

Fig. 7 A streak photograph showing a relatively large ion current-

density Ji over a region of the diode a few millimeters in size. The

large Ji is seen at the beginning of the streak on the right side, and

it lasts more than 100 ns.
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Fig. 8 a) An ion deflection of class A (starting at the arrow) in a

case in which the streak widens in both directions. The deflection

angle in both the +e and the -0 directions is ~30 .

b) Deflections in the -0 direction at both sides of the streak.

The deflections at the left and the right side grow to -50 and 110,

respectively.

c) An ion deflection in case when the entire streak bends in the

+6 direction. The deflection grows to 150 on both sides of the streak.

The ion aperture diameter was 14 mm in all three cases.

Fiq. 9 a) Slow ion deflection of class B. The deflection (starting at

the arrow) grows for about 100 ns. The current density is low in the

central part of the streak throuqhout the deflection duration, as

indicated by the absence of light from the scintillator.

b) Diagrams .of valley-shaped perturbations in the potential

surfaces . The solid lines indicate a perturbation centered at the

center 0 of the area viewed by the ion detector and the resulting ion

trajectories. The dashed lines correspond to a perturbation centered at

the point 0I, a few millimeters from 0. Observation of large ion

deflections simultaneously in both the azimuthal directions, even for

the perturbation centered at O, is possible. The arrow e indicates the

E x B drift direction and the arrow Ft the direction of the transverse

force on an electron approaching the perturbation (see Sec. V).

Fiq. 10 Bremsstrahlung signals obtained by two detectors from the shot

for which the streak photcjraph is shown Fig. 7(c). One detector (upper

trace - negative signal) viewed an anode region 15 mn wide in the radial

direction and 23 mm in the azimuthal direction. The other detector
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(lower trace - positive) viewed a region 12 nm by 40 mm. Both areas

were centered with respect to the area viewed by the ion detector. The

dashed lines indicate the baselines. The arrows indicate the instant

the ion deflection started [see Fig. 7(c)]. The fiducial marks appear

at the end of the oscillographs.

Fig. 11 a,b) A class B ion streak photograph and the corresponding

electron flux to the anode. The ion aperture diameter was 14 mm and the

x-ray detector viewed a 15 m diameter region to the right of the ion

aperture center, as indicated by the line W in Fig. 5(a). The dashed

line at the left in b) indicates the baseline. An ion deflection of

class B in the +0 direction starts after a short ion deflection which is

indicated by the solid arrow. The streak width then increases and the

light intensity is weak in the middle. The small electron burst (solid

arrow) coincides with the short ion deflection at the start of the slow

deflection. The dashed arrows indicate an additional short deflection

and a simultaneous sharp electron-flux rise.

c,d) An additional class B example. The ion aperture diameter

was 10 rm. The x-ray detector viewed an anode area of 12 and 40 mm in

the radial and the azimuthal direction, respectively, which was centered

with respect to the ion aperture. The arrows indicate the start of the

+0 ion deflection and the start of the simultaneous rise in the

bremsstrahlung signals. The fiducial marks on the bremsstrahlung

signals appear at the end of the oscillographs in both b) and d).

Fig. 12 a) An example of a diode voltage waveform in which a relatively

sharp voltaqe decrease (starting at the arrow) which lasts for -100 ns

is observed. The fiducial mark appears at the end of the oscillograph.
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b) The corresponding streak photograph showing a considerable

reduction in the ion current density (starting at the arrow) during the

voltage decrease. The contour of the light intensity just before and

after the reduction in Ji are similar in both the radial and azimuthal

directions. The ion aperture diameter was 12 mrm.
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